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Rho family G proteins, including Rac and Cdc42, regulate a variety of cellular functions such as morphology,
motility, and gene expression. We developed fluorescent resonance energy transfer-based probes which mon-
itored the local balance between the activities of guanine nucleotide exchange factors and GTPase-activating
proteins for Rac1 and Cdc42 at the membrane. These probes, named Raichu-Rac and Raichu-Cdc42, consisted
of a Cdc42- and Rac-binding domain of Pak, Rac1 or Cdc42, a pair of green fluorescent protein mutants, and
a CAAX box of Ki-Ras. With these probes, we video imaged the Rac and Cdc42 activities. In motile HT1080
cells, activities of both Rac and Cdc42 gradually increased toward the leading edge and decreased rapidly when
cells changed direction. Under a higher magnification, we observed that Rac activity was highest immediately
behind the leading edge, whereas Cdc42 activity was most prominent at the tip of the leading edge. Raichu-Rac
and Raichu-Cdc42 were also applied to a rapid and simple assay for the analysis of putative guanine nucleotide
exchange factors (GEFs) and GTPase-activating proteins (GAPs) in living cells. Among six putative GEFs and
GAPs, we identified KIAA0362/DBS as a GEF for Rac and Cdc42, KIAA1256 as a GEF for Cdc42, KIAA0053
as a GAP for Rac and Cdc42, and KIAA1204 as a GAP for Cdc42. In conclusion, use of these single-molecule
probes to determine Rac and Cdc42 activity will accelerate the analysis of the spatiotemporal regulation of Rac
and Cdc42 in a living cell.

Ras superfamily G proteins function as molecular switches
in a variety of signaling cascades (51). Among them, Rho
family G proteins, including Rho, Rac, and Cdc42, are involved
in the regulation of a variety of cellular processes, probably
through actin cytoskeleton reorganization (1, 9, 13, 48). In a
pioneering work by Nobes and Hall, it was shown that Rho
regulates the assembly of the actin stress fiber, that Rac in-
duces lamellipodia and membrane ruffles, and that Cdc42 trig-
gers filopodium formation (41).

Rho family G proteins are regulated by three classes of
protein, guanine nucleotide exchange factor (GEF), GTPase-
activating protein (GAP), and guanine nucleotide dissociation
inhibitor (GDI) (51). GEF promotes the exchange of GDP
with GTP, which results in the binding of the G proteins to
their effector proteins. A typical GEF protein of the Rho
family of G proteins consists of a Dbl homology (DH) domain,
which exhibits GEF activity, and additional domains that me-
diate interactions with peptides or lipids. DOCK180, originally
isolated as a protein bound to adapter protein Crk (14), also
promotes guanine nucleotide exchange of Rac, although it
does not contain the DH domain (20). The GTP on the acti-
vated Rho family G protein is hydrolyzed in the presence of
GAP to resume the GDP-bound inactive state. GDI not only
competes with GEF but also holds the Rho family G proteins

in the cytoplasm (43). Therefore, the dissociation of GDI is a
prerequisite for the membrane association and activation of
the Rho family G proteins. ERM family proteins, which are
involved in cell-to-cell interaction, release Rho from RhoGDI,
translocating Rho from the cytoplasm to membrane (50). Re-
cently, del Pozo and colleagues have shown that integrin stim-
ulation triggers the release of Rac from RhoGDI (5), showing
for the first time the involvement of RhoGDI in Rac signaling.

Fluorescent resonance energy transfer (FRET) is a nonra-
diative transfer of energy between two fluorophores that are
placed in close vicinity and in a proper relative angular orien-
tation. Variants of green fluorescent protein (GFP) provide
genetically encoded fluorophores that serve as the donor and
the acceptor in FRET (15, 33, 35). With the GFP variants and
FRET technology, several intracellular events have been visu-
alized in a living cell. Activations of factor Xa and caspases
have been monitored by the use of probes in which protease-
sensitive peptides are placed between the pair of GFP variants
(27, 33, 56). In these probes, activated proteases cleave the
probes to dissociate the donor from the acceptor, terminating
FRET. In other examples, two GFP variants are fused to a pair
of proteins which form a dimer upon stimulation. The binding
of Bcl-2 to Bax and the binding of transcription factor Pit-1 to
Ets-1 have been demonstrated by detecting FRET between the
two GFP variants (4, 28). To overcome the difficulty in con-
trolling the relative expression levels of the two GFP variants
in a cell, several research groups have developed single-mole-
cule probes, in which the monitor peptides are sandwiched
with the two GFP variants. In these probes, FRET efficiency
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between the two GFP variants varies depending on either the
phosphorylation of (25, 37) or calcium binding to (34, 47) the
monitor peptide.

Recently, activation of Rac has been successfully monitored
by FRET technology. Kraynov and colleagues used Cdc42- and
Rac-interactive binding motif (CRIB) of PAK labeled with
Alexa 546 as the acceptor and GFP-tagged Rac as the donor of
FRET (24). In a motile Swiss 3T3 cell microinjected with the
pair of probes, Kraynov et al. observed an increasing gradient
of Rac activity toward the leading edge. Graham and his col-
leagues expressed CRIB of PAK between two GFP variants
(12). Upon binding to the active Rac in vitro, the probe de-
creases the efficiency of FRET between the two GFP variants.

We have previously reported a probe, called Ras and inter-
acting chimeric unit (Raichu), for monitoring the Ras family G
proteins (36). This probe consists of Ras, the Ras-binding
domain of Raf, and yellow-emitting (YFP) and cyan-emitting
(CFP) GFP mutants. Upon activation of Ras, the binding to
Raf increases the efficiency of FRET between CFP and YFP.
With Raichu, growth factor-induced activation of Ras and an-
other Ras family G protein, Rap1, in living cells was video
imaged. Here, we report on probes named Raichu-Rac and
Raichu-Cdc42, which are derived from Raichu and which are
applicable to the video imaging of active Rac and Cdc42, re-
spectively. Using these probes, we show that the distributions
of active Rac and Cdc42 mostly overlap each other but that
high activity at the tip of the leading edge is specific to Cdc42.

MATERIALS AND METHODS

Plasmids. pRaichu-Ras and pRacihu-Rap1 have been described previously
(36). pRaichu-Rac and pRaichu-Cdc42 were constructed using essentially the
same procedure as was used to construct pRaichu-Ras (36). From the amino
terminus, Raichu-Rac consists of YFP (amino acids [aa] 1 to 239), a spacer
(Leu-Asp), CRIB of PAK1 (aa 68 to 150), a spacer (Ser-Gly-Gly-Thr-Gly-Gly-
Gly-Gly-Thr), Rac1 (aa 1 to 176), a spacer (Gly-Gly-Arg), CFP (aa 1 to 237), a
spacer (Gly-Arg-Ser-Arg), and the CAAX box of Ki-Ras (aa 169 to 188) (Fig.
1A). In this study, we used modified YFP (Thr66Gly, Val69Leu, Ser73Ala,
Aln70Lys, and Thr204Tyr) and CFP (Lys27Arg, Tyr67Trp, Asp130Gly,
Asn147Iso, Met154Thr, Val164Ala, Asn165His, and Ser176Gly) as the acceptor
and the donor, respectively. In Raichu-Cdc42, Rac1 was replaced with Cdc42 (aa
2 to 176). In proteins denoted by suffixes V12, N17, and Y40C, Gly12, Thr17,
Tyr40 of Rac1 or Cdc42 were replaced with Val, Asn, and Cys, respectively.
pRaichu-CRIB was generated by removing the coding sequence of Rac1 from
pRaichu-Rac. cDNAs of KIAA0053, KIAA0362, KIAA0793, KIAA1204,
KIAA1256, and KIAA1391 were obtained from the Kazusa DNA Institute,
Kisarazu, Japan. Synthesized cDNA of dsFP593 (8) was obtained from A.
Miyawaki at the Brain Science Institute, RIKEN, Wako-shi, Japan. pIRM21 is an
expression vector derived from pCAGGS (40) and contained the internal ribo-
somal entry site and the coding region of dsFP593 at the 3� side of the multiple
cloning site. Coding sequences of the KIAA proteins were subcloned into the
cloning site of pIRM21. pCAGGS-mSos (11), pCAGGS-RasGRF1 (11), and
pCAGGS-myc-DOCK180 (14) have been described previously. pSR�-Vav (18)
and pcDNA3-HA-Tiam1(C1199) (30) were obtained from H. Mano at Jichi
Medical School and J. Collard at The Netherlands Cancer Institute, respectively.
In pCXN2-Flag-Rac and pCXN2-Flag-Cdc42, coding regions of human Rac1
and human Cdc42, respectively, were subcloned into eukaryotic expression vec-
tor pCXN2-Flag (40). Similarly, the coding regions of Rac1 and Cdc42 were
subcloned into pCAGGS-EGFP (42) to generate pCAGGS-EGFP-Rac1 and
pCAGGS-EGFP-Cdc42. In proteins denoted by suffixes Q61L and Q63L, Gln61

of Rac1 and Cdc42 and Gln63 of RhoA were replaced with Leu.
Recombinant adenoviruses. Recombinant adenoviruses encoding Raichu-Ras,

Raichu-Rap1, Raichu-Rac, and Raichu-Cdc42 were generated by the use of the
Adeno-X expression system (Clontech), according to the manufacturer’s instruc-
tions. First, coding regions of the probes were subcloned into pShuttle by re-
striction enzyme cleavage and ligation. Then, the expression units including the
coding regions of the probes were cleaved out from these pShuttle-derived

vectors by PI-SceI and I-CeuI and ligated with pAdeno-X cleaved with the same
restriction enzymes. From these pAdeno-X-derived vectors, the genomes of the
recombinant adenoviruses were cleaved out by PacI (New England Biolabs) and
transfected into HEK293 cells. After 10 to 14 days, cells were harvested to
propagate recombinant adenoviruses.

Cells and antibodies. COS-1, HEK293, and HT1080 cells were purchased
from the American Type Culture Collection or the Japan Cell Resource Bank.
293T cells were a gift from B. J. Mayer (University of Connecticut). Cells were
maintained in Dulbecco’s modified Eagle medium supplemented with 10% fetal
bovine serum. Anti-GFP rabbit serum was developed in our laboratory (36). The
anti-Flag M2 monoclonal antibody was purchased from Sigma.

Protein expression, in vitro spectroscopy, and immunoblotting. Plasmids were
transfected into 293T cells by the calcium phosphate coprecipitation method.
Thirty-six hours later, cells were harvested in lysis buffer (20 mM Tris-HCl [pH
7.5], 100 mM NaCl, 0.5% Triton X-100, 5 mM MgCl2) and clarified by centrif-
ugation. A fluorescence spectrum was obtained by use of an excitation wave-

FIG. 1. Fluorescence profiles of Raichu-Rac and Raichu-Cdc42.
(A) Schematic representations of Raichu-Rac and Raichu-Cdc42
bound to GDP or GTP. When Rac1 or Cdc42 is bound to GDP,
fluorescence of 475 nm emanates from CFP with excitation at 433 nm.
When Rac1 or Cdc42 is bound to GTP, intramolecular binding to
PAK1 brings YFP into close proximity to CFP, which causes FRET
and fluorescence of 527 nm from YFP. (B) 293T cells expressing
Raichu-Rac and Raichu-Cdc42 were lysed and analyzed with a fluo-
rescence spectrometer at an excitation wavelength of 433 nm. WT,
V12, N17, and Y40C, wild type, constitutively active mutant, domi-
nant-negative mutant, and effector mutant, respectively. The lysates of
the wild type were further treated with proteinase K (PK), which
cleaved the probes between YFP and CFP. We used emission inten-
sities of CFP at 475 nm and of YFP at 530 nm to calculate the emission
ratio, YFP/CFP (right). Experiments were performed in duplicate, and
data are shown with standard deviations. Representative results from
three independent experiments are shown.
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length of 433 nm with an FP-750 spectrofluorometer (JASCO, Tokyo, Japan).
For the demonstration of FRET, the cell lysates were incubated with 100 �g of
proteinase K/ml at 37°C for 10 min and analyzed with a spectrometer.

Analysis of guanine nucleotides bound to G proteins. Guanine nucleotides
bound to Raichu-Rac, Raichu-Cdc42, Flag-Rac, and Flag-Cdc42 were analyzed
essentially as described previously (29). Briefly, 293T cells that had been trans-
fected with plasmids for 36 h were labeled with 32Pi in phosphate-free minimal
essential medium (Life Technologies, Inc.) for 4 h. Cells were lysed in lysis buffer
and clarified by centrifugation. Raichu-Rac and Raichu-Cdc42 were immuno-
precipitated with an anti-GFP antibody, and Flag-tagged proteins were immu-
noprecipitated with an anti-Flag M2 monoclonal antibody. The immunoprecipi-
tates were boiled and analyzed by thin-layer chromatography (TLC). The
amount of 32Pi-labeled guanine nucleotides was quantitated with a BAS-1000
image analyzer (Fuji Film, Tokyo, Japan).

Imaging of HT1080 cells. HT1080 cells were transfected with plasmids with
FuGene6 (Roche). Forty-eight hours after transfection, cells were imaged on an
Olympus IX70 inverted microscope equipped with a cooled charge-coupled
device camera, CoolSNAP HQ (Roper Scientific, Trenton, N.J.), controlled by
MetaMorph software (Universal Imaging, West Chester, Pa.) (34, 36). For dual-
emission ratio imaging of Raichu-Rac and Raichu-Cdc42, we used a 440AF21
excitation filter, a 455DRLP dichroic mirror, and two emission filters, 480AF30
for CFP and 535AF25 for YFP (Omega Optical Inc., Brattleboro, Vt.). Cells
were illuminated with a 75-W xenon lamp through a 10% neutral density (ND)
filter (Omega Optical Inc.) and a 60� oil immersion objective lens. The exposure
time was 0.5 s when binning was set to 3 by 3. After background subtraction, the
ratio image of YFP/CFP was created with the MetaMorph software and used to
represent FRET efficiency. For the photobleaching experiment, cells were illu-
minated without an ND filter for 10 min. In this experiment, we used an MX510
excitation filter (Asahi Spectra Co., Tokyo, Japan).

Imaging of moving HT1080 cells. HT1080 cells were infected with recombi-
nant adenoviruses as described previously (17) or transfected with plasmids by
using FuGene6 (Roche). Forty-eight hours after infection or transfection, cells
were replated onto a 35-mm-diameter collagen-coated glass base dish (Asahi
Techno Glass Co., Tokyo, Japan). Beginning 1 h after replating, cells were
imaged every 2 min for 2 h as already described.

Analysis of GEF and GAP activity in 96-well plates. COS-1 cells were plated
to collagen-coated, glass bottom 96-well plates (Asahi Techno Glass Co.). Cells
in each well were transfected with 50 ng of pRaichu-Rac or pRaichu-Cdc42 in
combination with 100 ng of expression vectors encoding GEFs or GAPs with
Polyfect (Qiagen). Eight wells were used for each sample. After 24 h, cells were
fed with serum-free minimal essential medium and incubated for an additional
6 h, followed by imaging as already described, except that a 10� objective lens
was used. From a single viewing field, FRET images of more than 30 cells were
routinely obtained by using the autothreshold function of Metamorph. Values of
area and fluorescence intensity for each cell were saved after background reduc-
tion. Further analysis was performed with Excel software (Microsoft). The fol-
lowing five steps were automated by a custom-made macro program that ran on
the Excel program. First, data from cellular debris or aggregated cells were
automatically removed by gating with area values. Second, the ratio of fluores-
cent intensity of YFP to that of CFP was calculated for each cell. Third, the
average of the YFP/CFP ratio was calculated for each well. Fourth, the average
and standard deviation were calculated from the YFP/CFP ratios for the eight
wells that were transfected with the same set of plasmids. Finally, these data were
used to draw a bar graph.

Nucleotide sequence accession numbers. The nucleotide sequences of the
coding regions of pRaichu-Rac and pRaichu-Cdc42 were deposited in the
DDBJ/EMBL/GenBank data base with accession no. AB074145 and AB074146,
respectively.

RESULTS

In vivo probes for Rac and Cdc42 activities. We designed a
protein named Raichu-Rac that consisted of Rac1, CRIB of
PAK, and the pair of YFP and CFP (Fig. 1A). At the carboxy
terminus, the CAAX box of Ki-Ras was fused to locate the
probe to the membrane. In this probe, we expected that the
intramolecular binding of GTP-Rac1 to CRIB brought CFP
close to YFP, increasing FRET from CFP to YFP. By replac-
ing Rac1 with Cdc42, we also made a probe named Raichu-
Cdc42. To examine whether GTP loading increased FRET

efficiency, we prepared several mutants. In the mutants de-
noted with the suffix V12, Gly12 was replaced with Val to
inactivate the GTPase activity, resulting in the increased GTP
loading in the mutants. In N17 mutants, Thr17 was replaced
with Asn; this mutation is known to reduce the affinity of G
proteins for guanine nucleotides (32). In Y40C mutants, Cys
was substituted for Tyr40 in the effector domain of Rac or
Cdc42, which is essential for the binding to Pak1 (26).

The probes were expressed in 293T cells, and their fluores-
cence emission profiles were obtained by the use of an excita-
tion wavelength of 433 nm (Fig. 1B). Because FRET was most
typically observed as an increase in an emission peak of 530 nm
and a decrease in an emission peak of 475 nm, the emission
ratio of 530 nm/475 nm is used to represent the FRET effi-
ciency. As shown in Fig. 1B, right, the emission ratios for
wild-type Raichu-Rac and Raichu-Cdc42 were lower than
those for V12 mutants and higher than those for the N17 and
Y40C mutants. The results demonstrated that increases in the
emission ratios of Raichu-Rac and Raichu-Cdc42 reflected the
binding of GTP-Rac and GTP-Cdc42 to CRIB. The cell lysates
were further incubated with proteinase K, which cleaved the
probes between YFP and CFP. The disappearance of the
530-nm peak confirmed FRET from CFP to YPF in the ab-
sence of proteinase K (Fig. 1B, left).

GTP loading of the probes and the authentic G proteins. To
examine whether the GTP loading on Raichu probes corre-
lated with those of the authentic proteins, 293T cells expressing
Raichu-Rac, Flag-Rac, Raichu-Cdc42, or Flag-Cdc42 were la-
beled with 32Pi. Then, the labeled recombinant G proteins
were immunoprecipitated, and the guanine nucleotides bound
to them were analyzed by TLC (Fig. 2). The amount of GTP on
Raichu-Rac-WT, Flag-Rac-WT, and Raichu-Rac-Y40C was

FIG. 2. GTP/GDP loading of Raichu-Rac and Raichu-Cdc42. 293T
cells expressing Raichu-Rac, Raichu-Cdc42, Flag-tagged Rac, and
Flag-tagged Cdc42 were labeled with 32Pi. The G proteins were pre-
cipitated with either anti-GFP rabbit serum or an anti-Flag monoclo-
nal antibody, followed by TLC analysis. GTP and GDP were quanti-
tated with a BAS-1000 image analyzer, and values of GTP/(GTP �
GDP) with standard deviations were plotted. Asterisks indicate that no
32Pi-labeled guanine nucleotides were detected.
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less than 10%, whereas the amount of GTP on Raichu-Rac-
V12 and Flag-Rac-V12 was about 80% (Fig. 2, left). In Rac
N17 mutants, the binding of guanine nucleotides was not de-
tectable, which reflected the reduced affinity for the guanine
nucleotides due to the Asn17 mutation (7). Very similar results
were obtained with Raichu-Cdc42 and Flag-Cdc42 (Fig. 2,
right). These results validated the use of Raichu-Rac and
Raichu-Cdc42 for monitoring Rac and Cdc42 activities in liv-
ing cells.

Imaging of Rac1 and Cdc42 activities in HT1080 cells. Next,
we used Raichu-Rac and Raichu-Cdc42 for cell imaging.
HT1080 cells expressing Raichu-Rac or Raichu-Cdc42 were
imaged for YFP (535 � 12 nm) and CFP (480 � 15 nm) with
an excitation wavelength of 440 � 10 nm (Fig. 3A). In both the
YFP and CFP images, Raichu-Rac and Raichu-Cdc42 were
detected diffusely within the cells, suggesting that they were
localized mostly to the plasma membrane via the farnesyl moi-
ety at the carboxyl terminus (Fig. 3A). The YFP/CFP ratio
image was used to show the FRET efficiency in the intensity-
modulated display mode.

In contrast to Raichu-Rac and Raichu-Cdc42, the authentic
Rac1 and Cdc42 tagged with enhanced GFP (EGFP) were
condensed around the nucleus (Fig. 3A). This distribution
agreed with the cytoplasmic localization of GDP-Rac1 and
GDP-Cdc42 coupled with RhoGDI (43). Thus, for the inter-
pretation of the following image data, we emphasize that
Raichu-Rac and Raichu-Cdc42 do not directly detect active
Rac1 and Cdc42 but that they image the local balance of GEFs
and GAPs for Rac1 and Cdc42 at the membrane compart-
ments.

The occurrence of FRET in the living cells was confirmed by
a photobleaching experiment as described previously (36). In-
tensities of both YFP and CFP were monitored before and
after photobleaching. As expected, photobleaching of YFP
resulted in a marked increase in CFP intensity (Fig. 3B).

Activities of Rac, Cdc42, Ras, and Rap1 in motile HT1080
cells. To understand the role of Rac and Cdc42 in cell migra-
tion, we examined the activities of Rac, Cdc42, Ras, and Rap1
in motile HT1080 cells that were infected with the recombinant
adenoviruses encoding the Raichu probes. All of the cell im-
ages presented below are extracted from video images that are
presented on our website (http://www-tv/biken.osaka-u.ac.jp/
rei/).

For the video imaging of HT1080 cells for up to several
hours, we minimized the exposure time to prevent YFP from
photobleaching. Consequently, we had to compromise with the
resolution of the images and fluctuation of the ratio data of
each pixel. Therefore, the mosaic of ratio images was made up
of pixels from blue to red, which corresponded from the lowest
to the highest FRET efficiency. We interpreted the increasing
number of red pixels toward the leading edge as reflecting the
gradual increase in Rac activity (Fig. 4). When the cell changed
direction and the plasma membrane started to withdraw, the
Rac activity decreased rapidly. In a higher magnification, we
noticed that Rac activity was highest immediately behind the
leading edge (Fig. 4).

Cdc42 activity also increased toward the leading edge (Fig.
4). In the higher magnification, however, high Cdc42 activity is
most concentrated at the tip of the leading edge (Fig. 4). In
cells expressing Raichu-Rac-Y40C or Raichu-Cdc42-Y40C, we

could not detect any gradient of the emission ratio, confirming
that the intramolecular binding of CRIB to Rac or Cdc42
generated the gradient of FRET efficiency.

The activity of Ras was higher at the peripheral region, but
there was no difference between the leading and the tailing
edges. Rap1 activity was higher around the nucleus. Again, we
could not observe a remarkable difference between the leading
and the tailing edges, indicating that the gradual increase to-

FIG. 3. Imaging of Rac and Cdc42 activities in HT1080 cells.
(A) HT1080 cells were transfected with expression vectors as indicated
on the left. After 48 h, cells expressing EGFP-Rac or EGFP-Cdc42
were photographed for EGFP and phase contrast (PC) images. Cells
expressing Raichu-Rac or Raichu-Cdc42 were imaged for YFP, CFP,
and differential interference contrast (DIC). In the IMD mode images
(Ratio), eight colors from red to blue are used to represent the YFP/
CFP ratio, with the intensity of each color indicating the mean intensity
of YFP and CFP. The upper and lower limits of the ratio range are
shown on the right. (B) Increase in the CFP emission by YFP photo-
bleaching. HT1080 cells expressing Raichu-Rac or Raichu-Cdc42 were
photobleached at an excitation wavelength of 510 nm for 10 min.
Emission intensities of CFP and YFP in this cell were monitored every
30 s and are shown at the left. Cell images of pre- and postbleaching
are shown at the right.

VOL. 22, 2002 VIDEO IMAGES OF Rac AND Cdc42 ACTIVITY 6585



FIG. 4. Activity of Rac and Cdc42 in a motile HT1080 cell video imaged by using Raichu-Rac and Raichu-Cdc42. HT1080 cells infected with
recombinant adenoviruses coding Raichu probes were replated onto a collagen-coated glass base dish. Beginning 1 h after replating, CFP, YFP,
and differential interference contrast (DIC) images were obtained every 2 min with a time-lapse microscope. YFP/CFP ratio images were created
to represent FRET efficiency, which correlated with the activities of the G proteins. Representative YFP, CFP, YFP/CFP (Ratio), and DIC images
obtained at the indicated time points are shown. Arrows point in the direction of cell migration. The middle panels show magnified FRET images
of the leading edges (boxes in the top panels). The upper and lower limits of the ratio range are shown on the right. The original video images
are presented on our website (http://www-tv/biken.osaka-u.ac.jp/rei/). Experiments were performed at least five times for each probe, and similar
results were obtained.
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ward the leading edge was specific to the activities of Rac and
Cdc42.

Development of Raichu-CRIB. RhoGDI recognizes the car-
boxy termini of geranyl-geranylated Rho family G proteins (10,
16). Because the carboxy terminus of Raichu-Rac and Raichu-
Cdc42 consisted of the CAAX box of Ki-Ras, it was predictable
that RhoGDI did not bind to Raichu-Rac or Raichu-Cdc42.
Indeed, we did not observe the effect of overexpressed
RhoGDI on the FRET efficiency of Raichu-Rac or Raichu-
Cdc42 (data not shown). To compensate for this defect, we
prepared another probe consisting of CRIB, YFP, and CFP as
reported previously (Fig. 5A) (12). This probe, named Raichu-
CRIB, was coexpressed with constitutively active Rac1, Cdc42,
or RhoA in 293T cells. As shown in Fig. 5B, the FRET effi-
ciency of Raichu-CRIB was decreased only in the presence of
the active Rac1 or active Cdc42, not in the presence of the
active RhoA. Therefore, in this Raichu-CRIB probe, the de-
crease in FRET indicated the binding to the active Cdc42 or
Rac1. Notably, Rac1 decreased the FRET efficiency of Raichu-
CRIB less efficiently than did Cdc42. This probably reflected
the previous observation that the affinity of Rac1 for Pak is
weaker than that of Cdc42 (52). The occurrence of FRET was
confirmed by the proteinase K treatment as already described.

Activities of Rac and Cdc42 monitored by Raichu-CRIB-X.
In HT1080 cells, Raichu-CRIB localized diffusely in the cyto-
plasm and there was no difference in its FRET efficiency
throughout the cells (data not shown). We speculated that the
excess of the probe and/or the limited binding to Rac and/or
Cdc42 resulted in the failure to detect the Rac and Cdc42
activities. To increase the percentage of the probe that partic-
ipated in the binding to Rac and Cdc42, the CAAX box of
Ki-Ras was fused to the carboxy terminus of CFP, generating
Raichu-CRIB-X (Fig. 5A). First, the occurrence of FRET in
Raichu-CRIB-X-expressing cells was confirmed by a photo-
bleaching experiment as already described. As expected, pho-
tobleaching of YFP resulted in a marked increase in the CFP
intensity of the cells expressing Raichu-CRIB-X (Fig. 6A).
Then, using Raichu-CRIB-X, we imaged the activities of Rac
and Cdc42 in a motile HT1080 cell (Fig. 6B). We found that
the FRET efficiency gradually decreased toward the leading

FIG. 5. Fluorescence profile of Raichu-CRIB. (A) Schematic rep-
resentations of Raichu-CRIB and Raichu-CRIB-X with or without
GTP-Rac or -Cdc42. The farnesyl moiety was fused only to Raichu-
CRIB-X. When the probe is free, fluorescence at 527 nm by FRET is
observed. When the probe is bound to GTP-Rac or GTP-Cdc42, YFP
is displaced from CFP and FRET is inhibited. (B) 293T cells trans-
fected with pRaichu-CRIB and pEB6-Rac1-Q61L, pEB6-Cdc42-
Q61L, or pEB6-RhoA-Q63L were lysed and analyzed with a fluores-
cence spectrometer at an excitation wavelength of 433 nm (left). The
lysates of the wild type were further treated with proteinase K (PK),
which cleaved the probes between YFP and CFP. Mean YFP/CFP
ratios are shown with standard error bars at the right. Single and
double asterisks indicate that the differences between control and
Rac1-Q61L and between control and Cdc42-Q61L, respectively, were
statistically significant by t test (P � 0.05 and P � 0.01, respectively).

FIG. 6. Activity of Rac and Cdc42 video imaged with Raichu-
CRIB-X. (A) Increase in the CFP emission by YFP photobleaching.
HT1080 cells expressing Raichu-CRIB-X were photobleached at an
excitation wavelength of 510 nm for 10 min. Emission intensities of
CFP and YFP in these cells (left) were monitored every 30 s. Cell
images of pre- and postbleaching are also shown (right). (B) HT1080
cells transfected with pRaichu-CRIB-X were replated onto a collagen-
coated glass base dish. Beginning 1 h after replating, CFP, YFP, and
differential interference contrast (DIC) images were obtained every 2
min with a time-lapse microscope as described in the legend to Fig. 4.
Arrows point in the direction of cell migration. The upper and lower
limits of the ratio range are shown on the right. The original video
images are presented on our website (:http://www-tv/biken.osaka-u
.ac.jp/rei/).
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edge, indicating that the binding of CRIB to the endogenous
Rac and/or Cdc42 gradually increased toward the leading edge.
This observation was in complete agreement with findings ob-
tained by using Raichu-Rac and Raichu-Cdc42 and also im-
plied that RhoGDI did not contribute significantly to the spa-
tial gradient of the Rac and Cdc42 activity in a motile HT1080
cell. Alternately, RhoGDI activity may have been coopera-
tively regulated with GEFs and GAPs to produce a gradient of
Rac and Cdc42 activity.

Analysis of GEF and GAP in 96-well plates with Raichu-Rac
and Raichu-Cdc42. We set up a rapid and simple cell-based
assay for the measurement of GEF and GAP activities by the
use of Raichu-Rac and Raichu-Cdc42. For this purpose, we
removed the CAAX box from Raichu-Rac and Raichu-Cdc42,
because CAAX-negative probes were expressed more abun-
dantly in 293T cells than were CAAX-positive probes. To test
the validity of our assay system, we obtained six putative GEFs
and GAPs from the HUGE cDNA library of the Kazusa DNA
Institute. As controls, we used Tiam-1, DOCK180, Vav, Ras-
GRF1, and mSos-1, all of which contain the DH domain. The
deduced domain structures of these GEFs and GAPs are
shown schematically in Fig. 7A. The cDNAs were cotrans-
fected with CAAX-negative pRaichu-Rac or pRaichu-Cdc42
into COS-1 cells, which were grown in glass bottom 96-well
plates (Fig. 7B). The emission ratio of Raichu-Rac increased
remarkably in the presence of Tiam-1 and DOCK180 and
slightly in the presence of Vav and KIAA0362, demonstrating
the GEF activity of these proteins toward Rac. GAP activity in
response to Rac was detected only in KIAA0053. GEF activity
in response to Cdc42 was detected in KIAA0362 and
KIAA1256, and GAP activity in response to Cdc42 was de-
tected in KIAA0053 and KIAA1204. Thus, we could examine
the specificity of putative GEFs and GAPs by this simple
method with Raichu probes.

Dose response to GEFs and GAPs. Finally, we confirmed the
results obtained by the 96-well-plate-based assay with a fluo-
rescence spectrometer. We expressed in 293T cells various
quantities of DOCK180, KIAA0362/DBS, KIAA0053, and
KIAA1204 with Raichu probes and examined the dose re-
sponse. As shown in Fig. 7C, the FRET efficiency of Raichu-
Rac increased with an increasing amount of DOCK180. Sim-
ilarly, the FRET efficiency of Raichu-Cdc42 correlated with
the amount of KIAA0362/DBS. In contrast, expression of
KIAA0053 and KIAA1204 effectively decreased the emission
ratio of Raichu-Rac and Raichu-Cdc42, respectively, in a dose-
dependent manner.

DISCUSSION

Probes based on the GFP and FRET technology have enor-
mous potential for monitoring the intracellular signal trans-
duction cascades in living cells (53). Nevertheless, the number
of probes developed has not been increasing as might be ex-
pected. There are two problems to be overcome. When the
assay system consists of two probes which are bound covalently
to their respective donor and acceptor fluorophores, the rela-
tive amounts of the two probes cannot be controlled in most
systems. Thus, bleed-through fluorescence, which emanates
from the donor and which is detected in the acceptor channel,
must be accurately compensated for in the estimation of FRET

FIG. 7. Analysis of GEF and GAP activities. (A) Schematic represen-
tation of GEFs and GAPs used in this study. Abbreviations: PH, pleck-
strin homology domain; DH, DH domain; SH2 and SH3, Src homology
domains 2 and 3. (B) COS-1 cells plated on glass bottom 96-well plates
were transfected with CAAX-negative pRaichu-Rac or pRaichu-Cdc42
and expression vectors for the proteins listed at the center. Cells were
imaged, and the YFP/CFP ratio was determined as described in the text.
Error bars, standard deviations. Asterisks, samples that show a difference
from the control vector with statistical significance by t test (P � 0.01).
(C) CAAX-negative pRaichu-Rac or pRaichu-Cdc42 was coexpressed in
293T cells with various quantities of pCAGGS-DOCK180, pIRM21-
KIAA0362/DBS, pIRM21-KIAA0053, and pIRM21-KIAA1204. Cells
were lysed and examined for emission ratio as for Fig. 1B.
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efficiency (2). A single-gene-encoded probe, in contrast, con-
tains both the donor and acceptor; therefore, simply monitor-
ing the ratio of donor fluorescence to acceptor fluorescence is
sufficient. The problem with this type of probe resides in its
construction. Typically, the probe is designed so that the sig-
nal-induced conformational change of the probe brings CFP
into close proximity with YFP. The increases in FRET effi-
ciency for most prototype probes, however, are less than 10%
and do not apply to cell imaging. As for the first in vivo probe
for Ras family G protein Raichu-Ras (36), where Ras is placed
at the amino terminus of the Ras-binding domain of Raf, we
originally placed Rac at the amino terminus of CRIB. In this
construct, the difference in FRET efficiency between the wild-
type and the G12V mutants was less than 10%. Only when we
placed Rac or Cdc42 at the carboxy terminus of CRIB did we
detect an increase in FRET in the G12V mutants. Thus, cur-
rently we cannot tell whether G proteins should be placed at
the amino terminus or carboxy terminus of the binding partner
in probe designs.

Rho family G proteins are regulated by three classes of
proteins, GEF, GAP, and GDI. GDI controls the partitioning
of the Rho family G proteins between the cytoplasm and cell
membrane (43). By placing the probes constitutively at the
membrane, the effect of GDI could not be monitored by
Raichu-Rac and Raichu-Cdc42. Therefore, the activities of
Rac and Cdc42 monitored by these probes are correctly ex-
pressed as the balance between GEF and GAP activities at the
cell membrane. Although the regulatory role of GDI has been
recently emerging (5, 50), it is widely accepted that many
signaling cascades regulate Rac and Cdc42 by changing the
balance of GEF and GAP activities at the cell membrane (51).
Thus, Raichu-Rac and Raichu-Cdc42 provide useful tools to
unravel the signaling cascades connected to Rac and Cdc42
pathways.

Irrespective of the loss of sensitivity to GDI, we fused the
probes to the CAAX box of Ki-Ras for the following four
reasons. First, active Rac and Cdc42 are detected only at the
membrane compartments (43), providing a rationale for plac-
ing the probe only at the membrane. Second, we have found
that an excess of cytosolic probes profoundly decreases the
signal-to-noise ratio during the development of a probe for
tyrosine phosphorylation (25). The same happened to Raichu-
CRIB. To improve the signal-to-noise ratio, we needed to
place Raichu-CRIB at the membrane. Third, CAAX-less
probes diffuse throughout the cytoplasm within 10 s. Consid-
ering that the rate constants of most GEFs are between 10�3

and 10�2/s, we needed to restrict the movement of probes to
obtain the spatial information (25). Last, we found that probes
fused with the CAAX box of H-Ras or the myristylation signal
of Src often accumulated at the Golgi apparatus, deteriorating
the ratio image in the central region. In our hands, the CAAX
box of Ki-Ras delivered the probes most uniformly to the
membrane compartments.

We observed that the FRET efficiency of wild-type Raichu-
Rac or Raichu-Cdc42 was remarkably higher than those of N17
and Y40C mutants (Fig. 1B) or than those in the presence of
GAPs (Fig. 7B). This observation appears inconsistent with
biochemical data. Because the GTP/GDP ratio of the wild-type
Rac or Cdc42 was less than 10% in TLC analysis (Fig. 2), a
further decrease in the GTP/GDP ratio of the wild-type Rac or

Cdc42 should not significantly decrease their FRET efficien-
cies. This discrepancy probably reflects high GAP activity in
the cell lysates, which results in the hydrolysis of GTP bound to
Rac and Cdc42 during the immunoprecipitation before TLC
analysis (3). Indeed, we observed that the FRET efficiency of
the wild-type Raichu-Rac or Raichu-Cdc42 in the cell lysates
decreased with time (data not shown).

It has been richly documented that Rac and Cdc42 induce
lamellipodia and filopodia, respectively (51). Nevertheless, the
mechanism underlying these unique morphological outputs re-
mains elusive (51). Notably, both Rac and Cdc42 activate the
two well-characterized signaling cascades that directly regulate
actin polymerization, the PAK-LIM kinase-cofilin (49, 57) and
N-WASP/WAVE-Arp2/3 (31, 46) pathways. Thus, it is likely
that a difference in the distributions of active Rac and Cdc42
leads to distinct morphological changes. Indeed, such a possi-
bility was supported by our observation that the activity of Rac
was highest immediately behind the leading edge, whereas the
Cdc42 activity was highest at the tip of the leading edge (Fig.
4). Moreover, this observation suggests that the leading-edge
formation may be initiated by Cdc42 activation, followed by
Rac activation. On the other hand, the gradual increase toward
the leading edge is a feature common to Rac and Cdc42. This
finding agrees with the presence of many GEFs and GAPs that
act on both Rac and Cdc42 (51). In conclusion, our findings
imply that both dual- and monospecific GEFs and GAPs con-
tribute to the spatial regulation of Rac and Cdc42 in a motile
HT1080 cell.

Raichu-Rac and Raichu-Cdc42 enabled us to rapidly iden-
tify the substrate specificity of putative GEFs and GAPs, the
numbers of members of which have been expanding enor-
mously with the progress of genome sequencing projects (51).
For the demonstration of GEF or GAP activity in vitro, puri-
fied proteins are required; however, GEFs and GAPs are often
insoluble in Escherichia coli. Alternately, to avoid their expres-
sion in E. coli, the putative GEFs or GAPs are expressed in
mammalian cells and partially purified by immunoprecipitation
for the in vitro analysis (3). In this case, preparation of a
specific antibody or epitope tagging is required. We subcloned
cDNAs of putative GEFs and GAPs into a eukaryotic expres-
sion vector using the same restriction enzymes that were em-
ployed for the construction of the KIAA cDNA libraries (38),
minimizing the task of subcloning. The substrate specificities of
the putative GEFs and GAPs were readily determined by co-
expressing them with Raichu-Rac or Raichu-Cdc42 and exam-
ining FRET efficiency in COS-1 cells; no further manipulation
was necessary. We are currently developing Raichu-Rho, a
monitor for RhoA (H. Yoshizaki and M. Matsuda, unpub-
lished data); therefore, the use of Raichu-Rho, Rac, and Cdc42
will cover the majority of Rho family G proteins and accelerate
the characterization of GEFs and GAPs for the Rho family G
proteins.

Among the three putative GEF proteins tested, KIAA0362
and KIAA1256 are found to be identical to DBS (54) and
intersectin-2 (44), respectively. DBS/KIAA0362 has been
shown to promote the guanine nucleotide exchange of RhoA
and Cdc42 (55). Although GEF activity of intersectin-2/
KIAA1256 has not been reported, a related protein, intersec-
tin-1, has been demonstrated to be a GEF for Cdc42. Our
observation is in agreement with these previous reports, except
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that KIAA0362/DBS slightly stimulated Rac in our assay. This
difference may be because we expressed the entire protein,
whereas only the Dbl domain was used in the previous study
(55). Alternately, this observation may simply reflect the fact
that the substrate specificities of some GEFs and GAPs under
in vitro conditions differ from those under and in vivo condi-
tions. For instance, p50 RhoGAP stimulates GTPase activities
of Rho, Rac, and Cdc42 in vitro but it stimulates only Rho in
vivo (45).

Among the known activators of Rac or Cdc42 tested, we
failed to detect the GEF activity of Ras-GRF1 and Sos-1. This
observation probably reflects tight regulation of these GEFs in
the cells. Ras-GRF1 is activated only in the presence of the 	

subunit or by phosphorylation (21, 22). Similarly, Rac GEF
activity of Sos-1 requires phosphatidylinositol 3-kinase activa-
tion (39). Therefore, the assay system with Raichu-Rac or
Raichu-Cdc42 appears to reflect the in vivo enzyme activity of
GEFs and GAPs. This property will enable us to study the
regulatory mechanism of GEFs and GAPs in living cells by a
simple imaging technique with Raichu-Rac and Raichu-Cdc42.

Finally, it should be remembered that every monitoring sys-
tem for Rho family G proteins has some defects. For example,
due to the high GAP activity in the cell lysates, the GTP/GDP
ratios of the authentic Rac and Cdc42 are barely measurable
by the classical TLC analysis (3, 20). As a simple and safer
alternative, Bos’s pull-down method has been applied to detect
the activation of Rac and Cdc42 in cells (6, 23); however, none
has ever shown that the activity detected by this method cor-
relates with the increases in the GTP/GDP ratios of Rac and
Cdc42 in the cells. Considering the inefficient recovery rate of
the GTP-bound form (19), the results obtained by the pull-
down method have to be interpreted with careful attention.
Raichu-Rac and Raichu-Cdc42 also suffer from the defect that
they cannot monitor RhoGDI activity. Raichu-CRIB comple-
ments this defect, but possesses the flaw that it may competi-
tively interfere the endogenous Rac and Cdc42 signaling cas-
cades. Indeed, we found that overexpression of Raichu-CRIB
was apparently toxic to the cells. Another demerit of Raichu-
CRIB is its reactivity with both Rac and Cdc42, rendering the
interpretation of the data complicated. Thus, Raichu-CRIB
may be used as an auxiliary method for Raichu-Rac and
Raichu-Cdc42 to evaluate the effect of RhoGDI.

In conclusion, because none of the other methods can cur-
rently obtain spatiotemporal information on Rac and Cdc42
activity in living cells, the FRET-based probes reported in this
study will accelerate research to delineate the spatiotemporal
regulation of Rac and Cdc42 in living cells.
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